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Introduction 

The optimal l i que fac t i on  condi t ions f o r  low-rank coals ap ear  t o  be the  
use o f  a two stage process, where r e l a t i v e l y  low temperatures [380°) are used 
i n  the  f i r s t  stage because o f  the  higher r e a c t i v i t y  o f  low-rank coals and the  
tendency t o  coke a t  h igher temperatures. .This low-sever i ty product can then 
be subjected t o  a secondary upgrading process t o  g ive  a b e t t e r  f u e l  product. 
Much o f  the  carboxylate groups o f  t he  coal are decarboxylated i n  the  f i r s t  
stage, thus the  second stage reac t ion  invo lv ing  c a t a l y t i c  hydrogenation does 
no t  waste much hydrogen on react ions w i th  the  evolved carbon dioxide. 
Transformations o f  the  numerous oxygen func t iona l  groups o f  the  low-rank coals 
occur dur ing both the  low-sever i ty and the  hydrotreat ing steps along w i t h  the  
depolymerization and other conversions, and the  ob jec t ive  o f  our studies i s  t o  
understand these transformations on a quan t i t a t i ve  basis and co r re la te  w i t h  
the  other l i que fac t i on  parameters, such as y ie lds ,  changes i n  molecular weight 
d i s t r i bu t i ons ,  and changes i n  hydroaromatic groups. 

This paper i s  concerned w i t h  the  c a t a l y t i c  hydrotreatment o f  a low- 
sever i ty  product obtained from the  l i que fac t i on  o f  a Wyodak subbituminous coal 
i n  t e t r a l i n  solvent a t  384OC (1 hour) i n  carbon monoxide p lus  hydrogen 
su l f ide .  The low-sever i ty product was separated i n t o  two f rac t i ons ,  a 
methylene ch lo r ide  so lub le  f r a c t i o n  and methylene ch lo r i de  inso lub le  
f rac t i on .  The r e s u l t s  from second stage l i que fac t i on  o f  t h e  methylene 
ch lo r i de  soluble f r a c t i o n  under various condi t ions w i l l  be reported here. 
This f rac t i on  comprised the  major po r t i on  o f  the  low-sever i ty product. The 
second stage reac t ion  used the  same solvent as the  f i r s t  stage. This solvent 
was chosen because it does not contain oxygen and i s  a simple system whose 
products, naphthalene, decal in,  methylindan, bu ty l  benzene and dimers, can be 
eas i l y  dist inguished i n  the  react ion products. Two reac t ion  temperatures 
(425OC and 450OC) were used i n  the  high seve r i t y  treatments. Runs f o r  one o r  
two hours were conducted. Hydrogen pressure was another var iab le  dur ing  these 
inves t iga t ions ,  although a l l  react ions contained the  same amount o f  the  
su l f ided  Co-Moly ca ta lys t .  

332 



Experimental 

I n  a t yp i ca l  run, methylene ch lo r i de  solubles (20 g inc lud ing  t e t r a l i n  
solvent) obtained from the  low-severity Wyodak l ique fac t ion  i n  t e t r a l i n  and 
0.80 g of sul f ided Co-Moly ca ta l ys t  (AMOCAT) were sealed i n  a 75 m l  t ub ing  
bomb. The tub ing  bomb was evacuated and pressurized w i th  300 o r  400 ps i  o f  
hydrogen, i f  needed i n  the  test .  The tub ing  bomb was lowered i n t o  a f l u i d i z e d  
bed sand bath maintained a t  t he  desired temperature (425' o r  45OOC). The bomb 
was heated w i th  constant ag i ta t i on  f o r  t he  desired time (1 o r  2 hrs).  A t  t h e  
end of the  reaction, t h e  tub ing  bomb was removed from the  sand bath, cooled t o  
room temperature and s lowly  depressurized. The raw product s l u r r y  obtained on 
opening the  tub ing  bomb was transferred t o  a beaker w i th  methylene ch lo r i de  
and was separated i n t o  var ious product f rac t ions .  

The fo l low ing  products were obtained from the  product work-ups o f  t h e  
h igh  sever i ty l i que fac t i on  product s lu r r y  (1): 
1) methylene ch lo r i de  insolubles 
2) pentane insolubles 
3) low-boi l ing ( less than 16OoC/1.4 t o r r )  d i s t i l l a t e  (mainly solvent,  see 

below) 
4) high b o i l i n g  (160-240°C/1.4 t o r r )  d i s t i l l a t e  (contains some solvent and 

dimers, see below) 
5) vacuum bottoms (nond is t i l  l a b l e  mater ia l )  

The conversion was calculated as the  conversion of the pentane inso lub le  
f rac t i on  of the  low-sever i ty mater ia l  t o  pentane soluble mater ia l  dur ing t h e  
h igh  sever i ty l i que fac t i on ,  and these data a re  given i n  Table 1. O f  course 
t h i s  conversion i s  n o t  the  only descr ip t ion  o f  reac t ion  progression o f  
in te res t .  The product y i e l d  (coal-derived mater ia l )  i n  the  d i s t i l l a t e s  i s  
a l so  very important. Also o f  i n te res t  i s  the retrograde reac t ion  which 
resu l t s  i n  methylene ch lo r i de  inso lub le  mater ia l ,  

The product d i s t i l l a t e  v ie lds  were then ca lcu la ted  by subt rac t ion  of t h e  
solvent ( t e t r a l i n ,  naphthalene, and decalin) from the  low-bo i l ing  d i s t i l l a t e  
y i e l d  and adding t h i s  t o  the  r e s u l t  obtained by subt rac t ion  o f  the  t h e  
solvent-derived dimers ( b i t e t r a l i n ,  b inaphthyl ,  naphthy l te t ra l in ,  etc.) from 
t h e  high b o i l i n g  d i s t i l l a t e  y ie ld .  The are a 
combination o f  the  amounts o f  t e t r a l i n ,  naphthalene, deca l in  i n  both 
d i s t i l l a t e s  p lus  the  solvent-der ived dimers i n  the high b o i l i n g  d i s t i l l a t e .  

The v o l a t i l e  products were characterized by GC-FID and GC/FTIR/MS, t h e  
nonvolat i  products were characterized by photoacoustic FTIR, so l  i d  s ta te  o r  
so lu t ion  "C NMR and weight average molecular weight determinations ( l o w  angle 
l ase r  l i g h t  sca t te r ing  photometry). 

Results and Discussion 

conversions 
The data summarized i n  Table 1 reveal t h a t  the degree o f  conversion i s  

dependent on several fac to rs .  The reac t ion  a t  425OC f o r  one hour w i th  no 
hydrogen present gave a conversion o f  only 30%. Raising the  processing 
temperature t o  450 f o r  the same time and w i th  no hydrogen pressure increased 
t h e  conversion t o  84%. Also increasing the  contact t ime from one hour a t  425' 
t o  two hours (no hydrogen) increased the  conversion t o  78%. I n  the  tes ts  with 
400 psi  of hydrogeno, the  conversions increased t o  66% a t  425OC f o r  one hour 
and t o  92% a t  450 f o r  one hour. The two hour reac t ion  under hydrogen 
(charged t o  300 ps i ,  run  one hour, recharge t o  300 ps i ,  run another hour) gave 
80% conversion. Thus the  conversion i s  d i r e c t l y  proport ional  t o  the  reac t ion  
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temperature, the reaction time, and the added hydrogen pressure. 
Another interesting feature of the high severity reactions was the 

solvent conversion, that  i s  te t ra l in  t o  naphthalene as a result of hydrogen 
donation t o  the coal-derived material. The te t ra l in  t o  naphthalene rat ios  in 
the products from high severity treatments were calculated from the GC/FID 
determinations of the volat i le  material (low boiling d i s t i l l a t e  plus a very 
small amount in the high boiling d is t i l l a te )  and compared with the r a t i o  
i n i t i a l l y  present i n  the low-severity product. These ratios are also reported 
in Table 2. The in i t ia l  tetralin/naphthalene rat io  in the low-severity 
product was 27, indicating the relatively low hydrogen consumption in the low- 
severity reaction. 

The h i g h  severity reactions changed the tetralin/naphthalene ra t ios  
significantly. The reaction at  425O for  one hour without added hydrogen gave 
a ra t io  of 3.31. This corresponds t o  the formation of 3.7 g of naphthalene 
(24 moles) or transfer of 48 moles  of H2 from the te t ra l in  t o  the coal 
material during the reaction. Increased reaction time further decreased the 
rat io  (to 2.76). Raising the temperature t o  450' for one hour, with no 
hydrogen added, dropped the rat io  even more t o  2.06, which indicates that  more 
hydrogen i s  transferred t o  the coal fragments a t  higher temperatures and i s  
consistent with the more extensive conversion which was observed a t  the higher 
temperature. When molecular hydrogen was added t o  the reaction mixture (425O, 
one hour ,  400 psi H ) ,  the ra t io  of te t ra l in  t o  naphthalene was somewhat 
greater (4.16) than &at observed when no hydrogen was added (3.31). Longer 
reaction times with hydrogen present similarly gave higher ratios (2.51) than 
those reactions with no hydrogen present (2.76), b u t  lower ratios than the one 
hour reactions. Thus the tetralin/naphthalene ratios for  the high-severity 
ratios are inversely proportional t o  the reaction temperature and the reaction 
time and directly proportional to  the hydrogen present. These resul ts  are in 
agreement with the conversion percentages, that i s  the higher the conversion, 
the more hydrogen was transferred. 

Methvlene chloride insoluble product 
The methylene chloride insoluble material isolated from the reaction 

products consisted of the added Co-Moly catalyst plus only about 1% o f  
material derived from the s tar t ing low-severity material. The insoluble 
material was studied using ph.otoacoustic FTIR spectroscopy and was found t o  
contain both alkyl and aromatic groups. This material may be the product o f  
retrograde or  cross-linking reactions of the some of the macromolecules of the 
low-severity product which occurred during the catalyt ic  high severity 
reaction. Although i t  cannot be-described exactly as coke, since i t  has alkyl 
groups, the retrograde reaction which produces these small amounts may be 
similar t o  t h a t  described as "coking." 

Since the amount of t h i s  material i s  insignificant even in reactions a t  
45OoC with no hydrogen pressure, the soluble low-severity product i s  n o t  
likely t o  be the source of the coked material obtained during some 
liquefaction experiments with whole coals. More likely the source i s  the more 
aromatic and less soluble part of the coal which continues t o  donate hydrogens 
t o  the more soluble portions until i t  becomes the coke. 

Pentane insoluble Droduct (Methvlene chloride soluble1 
The decrease in the amount of the pentane insoluble fraction i n  going 

from the low-severity material to  the high severity product has been discussed 
above in terms of the conversion of the reaction, which was shown t o  be highly 
dependent on the conditions chosen for  the high severity reaction. The 
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question of interest  here i s  how did the structure and properties of the 
recovered pentane insoluble fraction change in comparison with the pentane 
insoluble fraction of the starting low-severity material, as a resul t  of the 
high severity liquefaction carried out under different conditions 

The changes in the molecular weights of the coal macromolecules during 
second stage processing of th i s  methylene chloride soluble fraction from low- 
severity liquefaction of Wyodak was investigated by s t a t i c  low angle laser  
l igh t  scattering (LALLS) photometry in tetrahydrofuran solvent. This product 
was nondistil lable and nonvolatile. Rayleigh scattering factors were measured 
for  the di lute  THF solutions of the pentane insoluble products and corrected 
by means of the Cabannes factors which were determined for each of the 
solutions used. Thg corrected Rayleigh fac ors gave a linear reciprocal 

molecular weight of 'th'," p e n 9  ne insoluble fraction of the s tar t ing low- 
severity material was 5.6 x 10 daltons. The weight average molecular weight 
of the pentane insoluble material recovered from the high severity treatment 
i n  tetra1 'n solvent a t  425OC for  one hour in the absence of added hydrogen was 

insoluble fraction of the starting Wyodak low-severity product. An increase 
i n  molecular weight was also observed for  the pentane insoluble fractions 
recovered from the high severity treatment of Big Brown l igni te  in work done 
ear l ie r  (2 ) .  There may be two reasons for the increase. Firs t ,  a se lect ive 
reaction o f  the lower molecular weight material during the heating a 425OC 
would have changed the distribution t o  a higher molecular weight. Second, the 
liquefaction reactions may involve some retrograde o r  polymerization reactions 
which would increase the molecular weight distribution of th i s  fraction. 

The pentane insoluble material recovered from the high severity reaction 
a t  425' for  one houg with hydrogen (400 psi) gave a weight average molecular 
weight of 4.06 x 10 . Again this  value i s  larger than that of the s tar t ing 
pentane insoluble material, indicating ei ther  the change in distribution by 
preferential reaction of lower molecular weight material o r  retrograde 
reactions were occurring. The main difference between th is  material and that  
isolated from the high severity reaction carried out without hydrogen i s  that  
the amount of pentane insoluble material obtained in the presence of hydrogen 
i s  much smaller, possibly as a resul t  of minimization of the retrograde 
reaction by the molecular hydrogen. 

Further characterization of the pentane ins uble fractions were carried 
out using photoacoustic-FTIR and solid s t a t e  "C NMR spectroscopy. FTIR 
spectra o f  the fractions recovered from the high severity reactions when 
compared with t h a t  of the low-severity fraction showed an increase in the 
aromatic absorptions a t  1600 cm-'. The carbonyl absorptions in these products 
were insignificant. The increase in aromatics was confirmed by the NMR 
spectra. The low-severity material showed an aromatic carbon t o  al iphat ic  
carbon ration o f  1.47. This ra t io  was 3.25 in the pentane insoluble fraction 
from the reaction a t  425' for  one hour in te t ra l in  in the presence of 400 psi 
of hydrogen. The r a t i o  was even higher in the product of the reaction a t  425O 
for  2 hours in the absence of hydrogen (3.84). These NMR data for  the various 
fractions show that  there i s  a preferential solubilization of the al iphat ic  
material. Two explanations are  possible. Firs t ,  aliphatic material may be 
cleaved from the aromatic clusters of the coal macromolecules. Second, the 
more aliphatic members of the distribution of macromolecules may be 
Preferentially degraded during the high-severity liquefaction. The higher 
ra t io  for  the reaction in the absence of hydrogen as compared w i t h  that  f o r  
the reaction in the presence of hydrogen may be explained in several ways. 

scattering plot (KC/R . versus C) with an r t of 0.99. The weight average 

6.27 x 10 k daltons, a significant increase over that  observed for  the pentane 
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First, aromatics may be converted to hydroaromatics in the presence of 
hydrogen. Second, alkyl radicals formed in the thermal degradations may be 
converted to alkanes by trapping with molecular hydrogen when present or by 
reacting with coal structures which result in formation of aromatics in the 
absence of hydrogen. 

Solvent-derived distillate 
The low boiling distillates obtained from low-severity treatment of 

Wyodak in tetralin and the high-severity treatments under various conditions 
were characterized using GC/MS. The low-severity low boiling distillate 
consisted mainly of tetralin and naphthalene (T/N ratio = 27) along with small 
amounts of decalin and methylindan. No significant amounts of solvent-related 
dimers were found in the low-boiling distillates. The coal derived material 
in this distillate is discussed separately below. 

The high boiling distillate (160-240°C/1.4 torr) consisted of small 
amounts of tetralin and naphthalene and the dimers (bitetralyl, binaphthyl, 
naphthyltetralin, naphthyldecalin, etc.) derived from the solvent in addition 
to the coal-derived material. Some of these dimers were present in the 
distillate from the methylene chloride soluble fraction of the low-severity 
material. The amounts of this material formed from the solvent was greatest 
at the lower (425') temperatures when no hydrogen was present and was the 
least at the high temperatures with or without hydrogen pressure. 

Product distillate 
A small fraction of the low boiling distillate consisted of coal derived 

material such as Dhenols. alkanes and arvlalkanes. The volatile material in 
the high boiling distillate fraction which was derived from the low-severity 
product was mainly n-alkanes plus the usual variety of 1 to 4-ring aromatics 
(unsubstituted and alkyl substituted). Substantial amounts of diphenyl ethers 
and dibenzofuran were found. 

The coal-derived product was only 1% of the amount of the low boiling 
distillate of the methylene chloride soluble fraction of low-severity material 
but was 2/3 of the high boiling distillate of the low-severity material. The 
sum amounted to 33% of the mass of the methylene chloride soluble low severity 
material. As a result of the high severity treatments, the amount of 
distillable product increased jn all cases; the highest yield was obtained for 
the 450°C reaction with hydrogen, where 81% of the total liquefaction product 
was the distillate. 

Vacuum bottoms 
The vacuum bottoms are the undistillable materials left after 

distillation of the pentane solubles at 1.4 torr. The amounts of the vacuum 
bottoms obtained from the low-severity product of Wyodak was 0.56 g/batch or 
15.6% of the total coal-derived material i n  the low-severity product. The 
amounts of vacuum bottoms increased slightly for the high-severity treatment 
at 425OC with or without added hydrogen. However, raising the reaction 
temperature to 450°C resulted in decreased amounts of vacuum bottoms. 

The vacuum bottoms were characterized using infrared spfftroscopy, 
molecular weight determinations, and proton-decoupled solution C NMR in 
deuterated chloroform. Both the infrared spectra and the solution NMR spectra 
indicate that the vacuum bottoms obtained from the high severity liquefactions 
are more aromatic than the distillates, but not nearly as aromatic as the 
pentane insoluble fractions discussed above. The bottoms obtained from the 
reaction at 45OoC with no hydrogen added had an aromatic carbon to aliphatic 
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carbon rat io  of 1.73. 
The vacuum bottoms fractions contained some material which sublimed a t  

0.25 tor r  and 250°, b u t  the remainder exhibited large Cabannes factors and 
large Rayeigh scattering, giving molecular weights of lo5 daltons. 

Conclusions 
The low severity methylene chloride soluble product consists o f  a high 

molecular weight pentane insoluble fraction, a high molecular weight vacuum 
bottoms fraction and one third d is t i l l ab le  o i l s .  This material was converted 
by the high severity conditions into a product consisting of small amounts of 
a higher molecular weight pentane insoluble fraction, a high molecular weight 
vacuum bottoms fraction, and an increased amount of a d i s t i l l ab le  o i l  
product. T h e  re la t ively small amount of the high molecular weight aromatics 
i n  t h e  d i s t i l l a t e  o r  volatiles may be a consequence of the absence of very 
large polycondensed aromatic clusters in the low severity product. When the 
macromolecules are cleaved they go a l l  the way t o  small molecular weight 
species. A similar distribution was observed in the Wyodak ITSL product 
reported by Moroni (3). 
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